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Abstract –We present the first application of a recently proposed electronic structure scheme
to transition metal oxides: screened exchange dynamical mean field theory includes non-local
exchange beyond the local density approximation and dynamical correlations beyond standard
dynamical mean field theory. Our results for the spectral function of SrVO3 are in agreement
with available experimental data, including photoemission spectroscopy and thermodynamics.
Finally, the 3d0 compound SrTiO3 serves as a test case to illustrate how the theory reduces to
the band structure of standard electronic structure techniques for weakly correlated compounds.
Introduction. – Combined density functional many
body theories, such as the combination of the local den-
sity approximation with dynamical mean field theory
(“LDA+DMFT”) [1–3], have revolutionized the field of
first principles electronic structure calculations over the
last decade, and many successful applications to materials
ranging from simple transition metals [4, 5] or f-electron
metals [6–8] to complex oxides [9, 10] have been worked
out. Nevertheless, it has also been pointed out that con-
ceptual deficiencies related to the use of the Kohn-Sham
band structure or the neglect of dynamical screening ef-
fects [11–13] may have practical implications limiting the
predictive power of the approach. A more satisfactory
approach, formulated entirely in a Green’s function lan-
guage, is the combined many-body perturbation dynami-
cal mean field theory scheme “GW+DMFT” [14–16]. The
first implementations of GW+DMFT have recently been
elaborated, with applications to SrVO3 [17,18] and to sys-
tems of adatoms on surfaces [19]. Nevertheless, since the
approach is computationally heavy, an important line of
research remains the developing and testing of approx-
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imate schemes, and several different simplified schemes
[20–22] have recently appeared.
Here, we focus on the recently proposed “Screened Ex-
change Dynamical Mean Field Theory” [22], where a one-
particle Hamiltonian beyond DFT-LDA is constructed and
supplemented by a many-body self-energy calculated from
DMFT with frequency-dependent local Hubbard interac-
tions. We apply this new method to the transition metal
oxide SrVO3, a moderately correlated metallic compound
which – thanks to its simple electronic structure – has be-
come a benchmark compound for DMFT-based methods.
The results are in agreement with the available experimen-
tal information stemming from angle-resolved and angle-
integrated photoemission spectroscopy, optics and ther-
modynamics. We confirm a striking band-widening effect
in the unoccupied part of the electronic structure, recently
discovered within GW+DMFT [18], and which urgently
calls for investigations by inverse photoemission or related
techniques. Finally, we apply our scheme to the weakly
correlated band insulator SrTiO3: here, a most interest-
ing cancellation of band widening by screened exchange
and dynamical effects elucidates the relation of the new
technique to standard Density Functional Theory (DFT)
or GW techniques. Using (lightly doped) SrTiO3 as a
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prototype we argue that Screened Exchange Dynamical
Mean Field Theory reproduces the band structure of the
standard theories for materials with weak correlations.
Screened exchange dynamical mean field the-
ory. – Combining screened exchange with dynamical
mean field theory with frequency-dependent interactions
(“dynamical DMFT” or “DDMFT”) brings in two impor-
tant corrections, as compared to standard LDA+DMFT,
namely (1) non-local exchange beyond the LDA and (2)
dynamical screening beyond usual DMFT. The scheme
can be understood as a simplified version of combined
“GW+DMFT” or as a dynamical non-perturbative gen-
eralization of Hedin’s COulomb-Hole-Screened-EXchange
(COHSEX) approximation [23]. From a functional point
of view, it corresponds to replacing the screened Coulomb
interaction in the nonlocal part of the GW+DMFT
functional (see e.g. Eq. (4) in Ref. [14]) by its zero-
frequency value. In practice, in the recently implemented
combined “Screened Exchange plus Dynamical DMFT”
(SEx+DDMFT) scheme [22], a one-particle Hamiltonian
is constructed as
H0 = HHartree +HSEx = HLDA − V LDAxc +HSEx (1)
where HSEx is a screened Fock exchange term, calculated
from the Yukawa potential
e2exp(−kTF |r − r′|)
|r − r′| (2)
with screening wavevector kTF . The latter is self-
consistently calculated from the spectral function at the
Fermi level. The density used in the construction of H0 is
taken to be the converged DFT-LDA one. The underlying
rationale of this choice is the observation that DFT-LDA
densities are often extremely close to the true densities,
even when the Kohn-Sham band structure is not a good
approximation to spectral excitations.
The many-body part of the Hamiltonian
Hint = Hint stat +Hscreening (3)
contains two terms: (1) static two-body interactions
Hint stat =
1
2
∑
i
∑
mσ 6=m′σ′
Vmσm′σ′nimσnim′σ′ (4)
as in usual LDA+DMFT, but with the bare Coulomb
interaction matrix V incorporating Hubbard interactions
and Hund’s coupling. The sums m,m′ run over the corre-
lated orbitals, that is, in our case the t2g states of SrVO3,
localized at atomic sites labeled by i.
(2) Dynamical screening as described by introducing a set
of auxiliary screening bosons (creation and annihilation
operators b† and b), coupling to the physical electrons:
Hscreening =
∑
i
ˆ
ω
dω
[
λω
∑
mσ
nimσ(b
†
i,ω + bi,ω)
+ ω
(
b†i,ωbi,ω +
1
2
)]
. (5)
The set of screening bosons can be understood as a
parametrization of local dynamical Coulomb interactions
U(ω), as recently introduced in dynamical DMFT calcu-
lations [12]. Physically, these bosonic screening modes de-
scribe plasmons or particle-hole excitations, which reduce
the initial Coulomb interaction at low-energies, making
the effective interaction a frequency-dependent (retarded)
quantity. The final Hamiltonian H = H0 + Hint has
the form of a multi-orbital Hubbard-Holstein Hamiltonian,
which we treat within dynamical mean field theory, using
a continuous-time hybridization expansion Monte Carlo
solver [24]. In this work, we use the recent implementa-
tion of Ref. [22].
In our applications to SrVO3 and SrTiO3 below, we
focus on the t2g-states only, thus dealing with a three-fold
degenerate dynamical impurity problem. Calculations are
performed on the imaginary time axis at a temperature
T = 400 K, and analytically continued to obtain spectral
functions by means of a Maximum Entropy scheme [25].
Due to the degenerate nature of the t2g-states an im-
portant simplification occurs for the self-consistent cal-
culation of the screening wavevector: indeed, Luttinger’s
theorem prevents any modifications of the spectral func-
tion on the Fermi level by a local self-energy (other
than temperature-induced changes which are tiny in our
case). Therefore, the self-consistent value of the screening
wavevector can already be obtained from the result of the
SEx calculation, resulting in kTF = 1.1 a
−1
0 .
SrVO3, a correlated metal. – SrVO3 has become a
classical “drosophila” compound in the field of electronic
structure calculations for correlated materials. The reason
is easy to see: the perfect cubic crystal structure of this d1
compound results in a crystal field that lifts the five-fold
degeneracy of the V-3d states, leaving only the t2g-states
at the Fermi level. The low-energy electronic structure
is thus of appealing simplicity with a single electron in a
manifold of three perfectly degenerate t2g-states. Trans-
port measurements have early on pointed out a surpris-
ingly large Fermi liquid regime, extending practically up
to room temperature [26]. Due to the relatively localized
nature of the corresponding orbitals and a non-negligible
Coulomb interaction, the spectral properties are however
not well-described by simple band theory. Various exper-
imental probes, in particular photoemission [27–32], in-
verse photoemission [33] and angle-resolved photoemission
[34–37] have been used to characterize the spectral prop-
erties of this compound. The resulting picture is that of
a moderately correlated metal, with quasi-particle mass
enhancement of the order of 2 and a well-defined lower
Hubbard band that has been identified in various spectro-
scopic probes.
Electronic structure calculations have been able to re-
produce this correlated metal behavior, and the study of
the weight transfer between quasi-particle states and the
lower Hubbard band has been one of the early achieve-
ments of LDA+DMFT [27,38,39]. Later on, more refined
p-2
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Fig. 1: Momentum-integrated spectral function of the t2g
states of SrVO3 within SEx+DDMFT. Also given on the upper
panel is the spectral function of the t2g states from standard
LDA+DMFT with U=4.0, reproduced from [42], the LDA to-
tal density of states and the SEx total density of states. The
larger energy scale in the lower panel allows us to identify also
the peaks due to the plasmon excitation at 15 eV.
details of the electronic structure such as possible kink
structures in the low-energy electronic spectra [40] or non-
local correlations [41] have also come into focus.
Despite the seemingly well-understood physics of
SrVO3, the recent application of combined GW+DMFT
reserved however new surprises: it was found, for example,
that a prominent peak observed in inverse photoemission
and usually interpreted as an upper Hubbard band of t2g-
character should be dominantly attributed to the eg-states
[18]. The true upper Hubbard band is in fact located at
much lower energies, such that it merges with the quasi-
particle band structure observed in inverse photoemission.
A rather detailed overview of the experimental and the-
oretical investigations has recently been given in Ref. [18].
We now turn to the discussion of our results for SrVO3
within SEx+DDMFT. The momentum-integrated spec-
tral function (Fig. 1) displays a three-peak structure – a
renormalized quasi-particle peak and Hubbard bands – as
in LDA+DMFT. Indeed, in the occupied part of the spec-
trum the picture is very close to the LDA+DMFT one. For
positive energies, however, significant differences are ob-
served: the upper Hubbard band is located at about 2 eV,
whereas LDA+DMFT calculations find it at about 2.5 eV.
This difference corresponds to what has also recently been
found within GW+DMFT, which displays a spectral func-
tion very similar to SEx+DDMFT. In these calculations,
it was revealed that a pronounced peak in inverse photoe-
mission at 2.7 eV, which in the DMFT literature had been
interpreted as the upper Hubbard band of t2g character, is
in fact dominantly made up from eg-states. It was specu-
lated there that the only reason why inverse photoemission
has not identified the true upper Hubbard band at 2 eV
yet, is its close energetic position to a quite broad quasi-
particle peak, together with the very limited resolution of
inverse photoemission spectroscopy. Here, we confirm this
picture within the new SEx+DDMFT scheme. It will be
most interesting to probe the unoccupied part of the spec-
trum within inverse photoemission spectroscopy in order
to locate the 2 eV peak consistently found in GW+DMFT
and SEx+DDMFT.
The lower panel of Fig. 1 displays the same spectral
function, albeit on a larger energy scale. Here, additional
features become visible, namely plasmon replicas at 15 eV
and, less pronounced, at around 5 eV. These peaks stem
from corresponding features in the frequency-dependent
effective Hubbard interactions, encoding the presence of
collective plasma oscillations [18].
The momentum-resolved spectral function within
screened exchange dynamical mean field theory is shown
in Fig. 2, along with the LDA band structure and the band
structure obtained from the screened exchange Hamilto-
nian. The central feature is the dispersing quasi-particle
band which has undergone a band renormalization of
roughly a factor of 2. Indeed, the bottom of the band
at the Γ point is found at about -0.5 eV binding energy,
in agreement with angle-resolved photoemission data [34].
We determine the quasi-particle weight corresponding to
the DMFT self-energy as Z−1 = 1− ∂ΣDMFT (iω)∂iω and find
a value of 0.5. This reduction of spectral weight goes hand
in hand with a transfer to higher energies, and the lower
[upper] Hubbard bands are indeed clearly distinguished
in particular at those k-points, where the quasi-particle
bands are occupied [empty]. As expected from the k-
integrated spectra, the upper Hubbard band is located
at around 2 eV, whereas the lower one is found between
-1 and -2 eV.
Also plotted are the LDA Kohn-Sham band structure,
and the eigenvalues of the screened exchange Hamilto-
nian H0. Here, interesting effects of the screened ex-
change are identified. As usual, exchange tends to widen
the band [43, 44], however, as recently also found in
GW+DMFT spectra, this effect is larger in the unoccu-
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Fig. 2: Spectral function of the t2g states of SrVO3 within
screened exchange dynamical mean field theory. Superimposed
are the LDA band structure (black lines), and the screened
exchange band structure (red lines).
pied part of the spectrum. For this reason, GW+DMFT
and SEx+DDMFT spectra are close to LDA+DMFT ones
in their occupied parts, whereas larger corrections are ob-
tained for empty states. In Fig. 3, we plot the momentum-
resolved spectral function on a larger energy scale, where
also the high-energy plasmon at 15 eV can be clearly dis-
tinguished.
Electron-doped SrTiO3 Finally, we discuss a most
interesting implication of our theory for weakly correlated
materials. Indeed, both screened exchange and the dy-
namical tail of an otherwise irrelevant Hubbard interac-
tion will still have an effect on the spectral function of a
weakly correlated material, the former as a band broad-
ener and the latter as a band narrower, as discussed above.
On the example of very lightly electron-doped SrTiO3, we
demonstrate that these effects largely cancel and result in
a band structure extremely close to the DFT Kohn-Sham
one. SrTiO3 is a well-studied band insulator where the
only true deficiency of the Kohn-Sham band structure is
believed to be the too small band gap opening between
oxygen p-states and Ti-3d empty bands. The shape of
the latter, however, is largely reproduced even if more ad-
vanced theories are applied: the GW approximation offers
a band gap correction, without notably modifying the t2g
band structure itself [45, 46]. Here, we will be interested
neither in the gap nor in the rich physics resulting from
electron-lattice coupling in SrTiO3, but rather focus on
the band structure of the t2g bands, for which we will
show that SEx+DDMFT reproduces to a good approxi-
mation the shape and width of the Kohn-Sham bands of
DFT. To this effect, we will consider the slightly electron-
doped compound, where the t2g-bands are occupied with
0.05 electrons per Ti, and we use the experimental cubic
lattice parameter a = 3.905 A˚.
In Fig. 4, we compare the LDA band structure for the
t2g states to the SEx one and to the band structure for the
t2g states resulting from dynamical narrowing effects of the
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Fig. 3: Spectral function of the t2g states of SrVO3 within
screened exchange dynamical mean field theory, as in Fig. 2,
but on a larger energy scale.
SEx bands. In Ref. [12], it was shown that the effect of the
dynamic high-energy tail of the interaction can – in the an-
tiadiabatic limit – be understood in terms of a global band
renormalization factor that can directly be calculated from
the frequency-dependence of the screened Hubbard inter-
action: ZB = exp(−
´ +∞
0
dω=U(ω)/(piω2)). In SrVO3,
the value of the bosonic renormalization factor calculated
using the interaction from constrained-RPA is ZB = 0.7
[12]. The value we calculate for electron-doped SrTiO3
(with 0.05 electrons) based on the undoped LDA band-
structure on which we apply a chemical potential shift is
the same within the numerical precision. While the SEx
bandwidth is 1.36 times larger than LDA, after we renor-
malize the SEx bands by ZB = 0.7 the bandwidth is com-
parable to LDA. This band structure is in agreement with
the experimental inverse photoemission spectrum, which
displays a peak around 1.7–2.0 eV [47–50] corresponding
to the flat band along the XM direction. The band struc-
ture of lightly electron-doped SrTiO3 has also been mea-
sured by angle-resolved photoemission in Ref. [51,52] and
the estimates of the effective masses along the ΓX direc-
tion – 0.7me-1.2me for the light electrons and 7.0me-20me
for the heavy electrons – are consistent with the LDA band
dispersion at the bottom of the bands, further confirming
the above picture.
These results indicate that at this very low doping level
electron-electron scattering due to the instantaneous part
of the Hubbard interaction is negligible, and the width
and shape of the band is essentially determined by the
counteracting effects of screened exchange and dynamical
screening. We now turn to the full SEx+DDMFT calcu-
lation for this lightly electron-doped SrTiO3, see colored
background of Fig. 4, which indeed confirms this scenario:
the maxima of the spectral function correspond to the
SEx bands renormalized by ZB (“SEx+ZB”). The case
of electron-doped SrTiO3 thus strongly suggests that the
remarkable performance of LDA in the weakly correlated
regime is largely due to to error cancellations between non-
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Fig. 4: Band structure of the t2g states of SrTiO3 within LDA
(black lines), Screened Exchange (red dashes) and SEx renor-
malized by a plasmonic factor ZB = 0.7 (red lines) superim-
posed on the SEx+DDMFT t2g spectral function. The chem-
ical potential corresponds to n = 0.05 electron doping per Ti
atom, which gives a self-consistent Thomas-Fermi screening
wavevector of kTF = 0.6 a
−1
0 according to the SEx density
of states.
local exchange and dynamical screening effects.
However, while the LDA bandstructure seems to por-
tray relatively well the quasiparticles dispersions, the un-
derlying physics is somewhat simplistic: the reduction of
the low-energy spectral weight which necessarily accompa-
nies the band renormalization by ZB is beyond the LDA,
and the description of the high-energy plasmonic excita-
tions – seen for instance in SrTiO3 [47,53] – requires a full
SEx+DDMFT calculation.
Conclusion and perspectives. – We have per-
formed combined screened exchange dynamical mean field
calculations for the ternary transition metal oxides SrVO3
and electron-doped SrTiO3. The results for SrVO3 are
consistent with full GW+DMFT calculations [18]. In par-
ticular, we confirm here a pronounced band widening effect
on the unoccupied part of the spectrum by the screened
exchange part of the Hamiltonian. The final spectral func-
tion after the DMFT calculation resembles the one of stan-
dard LDA+DMFT calculations in the occupied part of
the spectrum, but substantial modifications are obtained
in the conduction band. It will be most interesting to
probe empty states of SrVO3 – and more generally of
correlated materials – within momentum-resolved spectro-
scopic probes to confirm these findings.
In lightly electron-doped SrTiO3, we have shown how
the theory reduces to a band picture given that the dynam-
ical tail can be integrated in the formation of electronic
polarons and that the probability of double occupancy
at this low filling level is negligible. The antagonistic ef-
fects of the non-local screened exchange and of the high-
frequency tail of the Hubbard interaction are such that
the quasiparticles dispersions are close to the DFT-LDA
result. Still, the underlying physics of plasmonic excita-
tions is ignored in LDA, in contrast to our SEx+DDMFT
scheme. Our findings shed light on the apparent success
not only of combined LDA+DMFT techniques, but also of
the Kohn-Sham band structure itself, when used as an ap-
proximation to excitation energies for materials with weak
electronic Coulomb correlations.
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